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ABSTRACT
Childhood cancer and its treatment puts survivors at risk of low working memory 
capacity. Working memory represents a core cognitive function, which is crucial 
in daily life and academic tasks. The aim of this functional MRI (fMRI) study was to 
examine the working memory network of survivors of childhood cancer without 
central nervous system (CNS) involvement and its relation to cognitive perfor-
mance. Thirty survivors (aged 7–16 years, ≥ 1 year after cancer treatment) and 30 
healthy controls performed a visuospatial working memory task during MRI, 
including a low- and a high-demand condition. Working memory performance 
was assessed using standardized tests outside the scanner. When cognitive 
demands increased, survivors performed worse than controls and showed 
evidence for slightly atypical working memory-related activation. The survivor 
group exhibited hyperactivation in the right-hemispheric superior parietal lobe 
(SPL) in the high- compared to the low-demand working memory condition, 
while maintaining their performance levels. Hyperactivation in the right SPL 
coincided with poorer working memory performance outside the scanner in 
survivors. Even in survivors of childhood cancer without CNS involvement, we find 
neural markers pointing toward late effects in the cerebral working memory 
network.
Abbreviations
fMRI: Functional magnetic resonance imaging; CNS: Central nervous system; 
MNI: Montreal Neurological Institute; SES: Socioeconomic status; SPL: 
Superior parietal lobe
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Introduction
The survival rates of children after cancer without the involvement of the CNS reach up to 90% in 
developed countries (Ward et al., 2019). This encouraging development, however, is accompanied by 
an increased number of children and adolescents suffering from cognitive late effects, particularly 
represented among others by low working memory capacity (Ashford et al., 2010; Cheung et al., 2016; 
Iyer, Balsamo, Bracken, & Kadan-Lottick, 2015; Krull et al., 2013; Robinson et al., 2010; Sleurs et al., 
2019; Stefancin et al., 2020). Working memory refers to the ability to hold and manipulate information 
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in one’s mind for a short time (Baddeley, 2012). Hence, working memory is particularly important for 
the development of reading (Nouwens, Groen, & Verhoeven, 2016) and arithmetic skills (Michel, 
Molitor, & Schneider, 2020; Raghubar, Barnes, & Hecht, 2010), and for educational achievement 
overall (Gathercole, Pickering, Knight, & Stegmann, 2004).
Along with reduced working memory capacity, survivors of cancers without CNS involvement have 
structural and functional brain alterations (Robinson et al., 2010; Sleurs et al., 2018, 2019; Stefancin et al., 
2020; Zhou, Zhuang, Lin, Michelson, & Zhang, 2020). These cerebral alterations are likely a consequence of 
the cytotoxicity of cancer treatments (e.g., chemotherapy, cranial irradiation) (Kesler, Gugel, Huston- 
Warren, & Watson, 2016). For example, childhood leukemia survivors exhibit decreased structural 
connectivity (Kesler et al., 2016), alterations in resting-state functional connectivity (Billiet et al., 2018), 
and reduced white and gray matter volumes (Zhou et al., 2020), whereas survivors of bone and soft tissue 
sarcoma show microstructural changes (Sleurs et al., 2018) and white matter damage (Sleurs et al., 2019). 
Furthermore, survivors without CNS involvement demonstrated higher working-memory related activa-
tion in prefrontal (Robinson et al., 2010) and in parietal brain areas than healthy controls (Stefancin et al., 
2020). Earlier studies also showed that differences in network activation become more pronounced when 
the complexity of the task performed in a functional magnetic resonance imaging (fMRI) study increases 
(Arthursson et al., 2017; King, Na, & Mao, 2015; Robinson et al., 2010). These CNS alterations are 
consistently reported to be related to reduced working memory, poorer attention, and lower intelligence 
(Sleurs et al., 2018, 2019; Zhou et al., 2020). In survivors of cancer without CNS involvement few fMRI 
studies have so far been performed using a working memory task and investigating cognitive late effects 
(Robinson et al., 2010; Stefancin et al., 2020). fMRI is a method closely related to cognitive performance and 
thus can shed light on the neural underpinnings of low working memory capacity in childhood cancer 
survivors.
The timing of cancer and its treatment plays an important role in a child’s cognitive development 
(Anderson et al., 2010; Anderson, Spencer-Smith, & Wood, 2011; Krull et al., 2013). Younger age at 
diagnosis is related to lower cognitive functioning (Jacola et al., 2016; Jones & Pattwell, 2019; Mulhern 
& Palmer, 2003; Reddick et al., 2014) and to lower activation bilaterally in superior temporal and 
parietal cortices during an attentional task (Fellah et al., 2019). Brain development continues until 
young adulthood (Gogtay et al., 2004). Consequently, a young age at diagnosis means that cerebral 
development is disrupted during the early and hence more vulnerable stages of brain maturation 
(Anderson et al., 2011; Mulhern & Palmer, 2003).
The present study describes working memory-related neural activation in survivors of non-CNS 
childhood cancer and healthy controls. We hypothesized that the working memory network differs 
between survivors and controls and that the working memory-related neural activation is associated 
with working memory performance. We expected that the differences in neural activation become 
more pronounced in conditions with high cognitive demands (Arthursson et al., 2017; Chen, Wang, 
King, & Mao, 2016; King et al., 2015; Robinson et al., 2010). Further, younger age at diagnosis was 
expected to relate to lower working memory performance and stronger functional alterations.
Methods
This study was based on a subset of data collected within the framework of the Brainfit Study – 
a multidisciplinary, clinical trial examining the cognitive and neural characteristics of childhood cancer 
survivors and the efficacy of cognitive and physical training (Benzing et al., 2018, 2020). All data 
analyzed in the present study come from pre-training assessments, hence no study participant had yet 
received any form of intervention at the time of assessment. The Brainfit Study received approval from 
the local ethics committee (KEK) of Bern and Zurich, Switzerland (KEK BE 196/15; KEK ZH 
2015–0397; ICTRP NCT02749877) and was conducted between January 2017 and December 2018.
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Participants
Childhood cancer survivors
Inclusion criteria for the survivors were as follows: (a) age between 7 and 16 years, (b) diagnosed with 
cancer without CNS involvement (including secondary tumors, benign, and malignant tumors) within 
the past 10 years, and (c) termination of cancer treatment at least 12 months ago (i.e., treatment 
included either chemotherapy or radiation therapy, surgery was no necessity for inclusion). Exclusion 
criteria were: (a) unstable health status, (b) noncompliance with the study protocol or substance abuse, 
(c) inability to follow study procedures (e.g. language issues), and (d) braces, metal parts in the body, 
and pregnancy (making MRI scanning unsafe). Medical information on potentially eligible survivors 
was made available by the Swiss Childhood Cancer Registry. A total of 30 survivors of childhood 
cancer without CNS involvement were included in the analyses (for details on the recruitment and 
study participation process see Figure 1).
Healthy controls
Fifty-seven children and adolescents (age range 7–16 years), comparable to the survivor group in 
terms of age and sex, and with normal or corrected-to-normal hearing and vision were recruited. 
Recruitment was via flyers distributed in the neighborhood and posted on the hospital’s intranet. The 
reasons for exclusion were as follows: (a) history of neurological disease or cancer, (b) mental or 
chronic disorders, (c) developmental or other disorders (e.g., autism, attention deficit/hyperactivity 
disorder, learning disabilities), (d) noncompliance or substance abuse, (e) inability to follow study 
procedures, and (f) braces, metal parts in the body, and pregnancy (making MRI scanning unsafe). 
Data of 30 healthy controls were analyzed (for details see Figure 1).
Study procedure
Childhood cancer survivors and potentially eligible healthy controls received an information booklet 
by mail. This was followed by a standardized screening interview over the telephone to check that all 
the inclusion criteria were met. In accordance with the Code of Ethics of the World Medical 
Association (i.e., Declaration of Helsinki), informed written consent was obtained prior to participa-
tion from the legal guardians and from survivors and controls over 14 years of age.
All the participants completed a cognitive assessment outside the scanner in the Division of 
Neuropediatrics, Development, and Rehabilitation at the Children’s University Hospital in Bern and 
performed a working memory fMRI task inside the scanner at the Department of Diagnostic and 
Interventional Neuroradiology at the University Hospital of Bern. Trained psychologists administered 
the assessments. All participants received careful instructions and some extra time to exercise the fMRI 
task prior to MRI scanning. Instructions and time to exercise lasted until the task was correctly 
understood and executed. The trained psychologist monitored in real time how the subjects answered 
on the task during the MRI, All of these endeavors ensured that all participants understood and 
performed the task correctly. Participants were reimbursed with a gift voucher, worth 20 Swiss francs, 
30 Swiss francs, and their travel costs were refunded.
Clinical measures outside the scanner
The socioeconomic status (SES) was measured using the German version of the Family Affluence Scale 
II (Boudreau & Poulin, 2008); composite scores can range from zero to nine, with higher scores 
indicating higher SES.
For the current study, the following cognitive measures outside the scanner were used: 1) fluid 
intelligence – Test of Nonverbal Intelligence, fourth edition (reliability r = .88) (Brown, Sherbenou, & 
Johnsen, 2010, p. 2) visuospatial working memory – block recall test, Working Memory Test Battery 
for Children (reliability r = .53) (Pickering & Gathercole, 2001, p. 3) verbal working memory – subtests 
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number recall and word order, German version of the Kaufman Assessment Battery for 
Children, second edition (Melchers & Preuss, 2003). Raw scores were converted into age-dependent 
standard scores (Mean = 100, Standard deviation = 15) based on norms from the relevant test manuals.
Figure 1. Flowchart of the recruitment and study participation process for the 30 survivors of childhood cancer without CNS 
involvement and the 30 age- and sex-controlled healthy peers.
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Working memory task inside the scanner
All participants performed a dot location task inside the scanner (Figure 2). fMRI was used to study 
the children’s performance in a visuospatial working memory task that was adapted (Klingberg, 
Forssberg, & Westerberg, 2002) and which has been used in previous studies of children and 
adolescents (Mürner-Lavanchy et al., 2014; Spencer-Smith et al., 2013). The task was presented in 
a block-design using E-prime (Psychology Software Tools, PST, Pittsburgh, USA) with five control 
blocks and four working memory blocks each lasting 33 s and comprising three task sequences. The 
interval between the task sequences was 1500 ms. In the working memory condition, red dots were 
presented consecutively in a 4 × 4 grid (each dot displayed for 1500 ms) followed by an unfilled red 
circle shown on the grid for 2500 ms. Participants were asked to decide within 2500 ms, whether the 
unfilled circle was at the same location as one of the filled dots displayed beforehand. The response 
buttons allowed for a “yes” (left hand) or “no” (right hand) answer. The correct response was either 
one, two, or three dots before the last dot presented. The location of the red dots and unfilled red 
circles was pseudo-randomized with overall odds of 50:50. The cognitive demand varied within the 
working memory blocks: the first and second block represented conditions with a low cognitive 
demand (series of three red dots), the third and fourth block represented conditions with a higher 
cognitive demand (series of four red dots). In the control condition, four green dots were presented 
consecutively in each corner of the grid (each dot was displayed for 1500 ms). After a blank delay, an 
unfilled green circle appeared for 2500 ms indicating that the participants should press both response 
buttons. The blank delay between the filled dots and unfilled circles was shown for 1500 ms in the low- 
demand task condition and for 2500 ms in the high-demand task condition.
Statistical analyses of the cognitive and clinical data
Missing values were imputed based on all the variables that were embedded within the dataset using 
the predictive mean matching algorithm (five datasets) (Sterne et al., 2009). Missing data was evident 
in two variables: unavailable standardized age norms for 16-year-olds in the visuospatial working 
memory task used outside the scanner (n = 1) and unreturned SES-questionnaires (n = 4). The pattern 
of results remained the same, irrespective of whether the analyses were conducted with or without 
Figure 2. Active and control condition of the visuospatial working memory task inside the scanner. In the low-demand condition 
a series of three dots and in the high-demand condition a series of four dots were presented. The time lag of the blank delay, 
presented between the filled dots and the unfilled circle, differed between the low- (1500 ms) and high-demand condition 
(2500 ms).
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imputed data. Hence, the imputed data of 30 survivors and 30 controls were included for all the 
analyses.
IBM SPSS Statistics software (version 25.0) was used for all the cognitive and clinical data analyses. 
The significance level was set at p < .05, two-tailed tests were conducted, and Cohen’s d was reported as 
effect size.
Independent-samples t-tests were used to examine differences between survivors and controls in 
continuous demographic (age, SES) and in cognitive variables (fluid intelligence, fMRI task accuracy, 
visuospatial, and verbal working memory). Pearson’s chi-square tests were used to examine group 
differences in sex and handedness distribution. Paired-sample t-tests, conducted for each group 
separately (controls, survivors), were performed to examine differences in fMRI task accuracy between 
the high- and low-demand conditions. Two-tailed Pearson’s correlation analysis was applied to 
examine the relationship between cognitive variables and age at diagnosis or SES.
Neuroimaging
fMRI data acquisition
MRI images were acquired using a 3-Tesla Siemens Magnetom Prisma VE11C Scanner (Siemens, 
Erlangen, Germany) equipped with a 64-channel head coil. The anatomical imaging was obtained 
using a sagittal oriented 3-D T1 magnetization-prepared rapid gradient echo (MPRAGE) sequence for 
acquisition of T1-weighted structural brain imaging (acquisition time, TA = 4:33 min; repetition time, 
TR = 1950 ms; echo time, TE = 2.19 ms; slices per slap = 176; field of view, FoV = 256 × 256; isovoxel 
resolution = 1 mm3). The functional imaging was obtained using a multi-slice single-shot T2-weighted 
echo planar imaging sequence with 40 interleaved axial oblique slices, positioned in-line with the 
bicommissural axis (TR = 3000 ms, no delay; TA = 5:35 min; TE = 30 ms; 3 mm resolution, 108 
measurements). The sequences were driven in a 3D PACE mode (Siemens, Erlangen, Germany) to 
enable prospective motion correction. Lumina LP-400 response pads for fMRI (Cedrus, San Pedro, 
CA, USA) recorded performance during the fMRI task. Inflatable cushions were used to minimize 
head movement.
fMRI data analysis
Data were analyzed using SPM12 software (Wellcome Trust Center for Neuroimaging, London, UK) 
running in Matlab R2020a (Mathworks, Natick, MA, USA). The first 12 scans of the functional series 
(first block of the control condition) were disregarded to ensure the stabilization of longitudinal 
magnetization. After spatial realignment, the functional images were slice-timed, co-registered, seg-
mented, normalized (Montreal Neurological Institute (MNI) template), and smoothed (Gaussian 
filter, FWHM = 6 mm). Participants that moved more than one voxel size (3 mm) in any direction 
were excluded from analyses (for details see Figure 1). The six parameters that describe head move-
ment during MRI were included as confounding variables. All T1-weighted structural brain images 
were checked for lesions by a neuroradiologist (N.S.), but no survivor included in the analyses had any 
brain lesions.
Whole-brain first-level analyses were conducted using a General Linear Model (Friston et al., 1995). 
First-level analyses contrasted the working memory blocks relative to the control blocks of the task. 
The resulting contrast images of brain activation (low- and high-demand conditions analyzed 
together) were entered into random-effects second-level analyses. To ensure that our task activated 
the working memory network and to explore the nature of the working memory-related network in 
each group separately, one-sample t-tests were conducted on a voxel-by-voxel basis for each group 
separately. A full factorial design was computed to examine the interaction between cognitive demand 
(high vs low) and group (survivors vs controls). Post-hoc analyses, including one-sample t-tests, were 
conducted separately for the two groups (controls, survivors) to examine the differences in working 
memory-related activation between the two demand conditions (high vs low). Two single-subject 
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t-contrasts were performed: low-demand > high-demand condition and high-demand > low-demand 
condition.
Based on guidelines applicable to imaging studies on complex cognitive functions (Lieberman & 
Cunningham, 2009), all second-level analyses (unless otherwise stated) were thresholded at p < .001 
and a minimum extent threshold of 10 voxels (uncorrected for family-wise error (FWE)) was reported. 
Findings surviving FWE correction at the peak- or cluster-level were reported when applicable 
(Lindquist & Mejia, 2015; Poldrack et al., 2008). All results are reported on whole-brain analyses.
Post-hoc analyses included the extraction of beta values from brain areas with significant clusters 
surviving FWE correction (i.e., clusters obtained in the one-sample t-test examining activation 
differences between the two demand conditions). Beta estimates were centered on peak voxel activa-
tions from spheres (for the right superior parietal lobe (SPL), the left precentral gyrus, and the left SPL, 
including parts of the left supramarginal gyrus: radius = 10 mm). We determined whether network 
activation strength in these three brain regions correlated with working memory performance or age at 
diagnosis, while controlling for age. Partial correlational analyses were conducted separately for the 
survivor and control group.
Results
Background and clinical data
Survivors and controls were comparable in terms of age, sex, handedness, SES (Table 1), and fluid 
intelligence (Table 2). Clinical characteristics of the survivor group are presented in the supplementary 
information (Table S1).
fMRI task accuracy and working memory performance outside the scanner
In the cognitive tests, mean working memory performance was within the normative range in both 
groups (Table 2). However, small-to-medium effect sizes in verbal and visuospatial working memory 
outside the scanner indicate worse performance in survivors than controls. During fMRI, task 
accuracy of survivors was significantly worse than task accuracy of controls in the high-demand 
fMRI condition. Comparing the task accuracy between the low- and high-demand conditions sepa-
rately for the control and for the survivor group yielded no significant differences (controls: t 
(29) = −1.89, p = .07, Cohen`s d = .42; survivors: t(29) = 0.44, p = .66, Cohen`s d = .11). Controls 
and survivors completed the control fMRI task condition with accuracy rates close to 100%, such as 
observed by the examiner during the MRI scan. There was no significant relationship between age at 
assessment and total accuracy of the fMRI task, r(60) = .141, p= .283, fMRI task accuracy in the low-, r 
(60) = .135, p = .304, and in the high-demand condition, r(60) = .088, p = .502, either in survivors nor 
in controls.
Table 1. Demographic data.
Controls  
(n = 30)
Non-CNS survivors  
(n= 30)
Mean (SD)  
Range




Age 12.50 (2.39)  
8.4–16.2
11.44 (2.24)  
7.9–15.6
1.79 .079
Sex (female/male) 14/16 13/17 0.07 .795
Handedness R/L/A 27/3/0 29/1/0 1.07 .301
SES 6.61 (1.58) 3–9 6.71 (1.42) 2–9 −0.26 .797
Note. Units of age = years; SD = standard deviation; n = sample size; SES = socio-economic status: ranging from 0 to 
9, with higher scores representing higher SES; t= t-value; χ2 = chi-square; p = level of statistical significance.
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Working memory network
Brain areas activated during the fMRI task in childhood cancer survivors and controls are presented in 
Figure 3. Healthy controls and survivors showed the well-known fronto-parietal working memory 
network (Klingberg, 2006; Thomason et al., 2009). Controls showed neural activation bilaterally in the 
SPL, precuneus, superior and middle frontal regions, precentral gyri, supplementary motor cortices, 









































SD = standard deviation; n = sample size; t= t-value; χ2 = chi-square; p = level of statistical significance. 
aStandard score (mean 100, SD 15) 
bRaw scores, max 12 
cCohens d
Figure 3. Working memory network in healthy controls and survivors. First-level contrast comparing working memory task blocks vs 
control task blocks in (a) healthy controls and (b) survivors of childhood cancer without CNS involvement (p < .05, FWE corrected, 
k > 40). (c) Factorial design contrasting controls and survivors (controls > survivors, p < .001, uncorrected, k > 30). Main activation 
clusters are presented in render view. L = left, R = right. The reverse contrasts (control task blocks > working memory task blocks, 
survivors > controls) did not yield any significant suprathreshold clusters.
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middle cingulate gyri, and in the right anterior cingulate gyrus (Figure 3a). Survivors demonstrated the 
main activation clusters bilaterally in the superior frontal gyri, in the right SPL, the right middle frontal 
gyrus, the right precentral gyrus, and the right inferior temporal gyrus (Figure 3b).
The factorial design was employed to explore the potential effects of group (survivors vs controls) 
and condition (high vs low demand) as well as their interaction on neurophysiological correlates. The 
low-demand working memory condition showed significantly more neural activation than the control 
task condition, validating that even in the low-demand working memory condition more effort was 
needed to solve the task (FWE-corrected, p < .05).
Analyses revealed the main effect of group in the right SPL (MNI-coordinate [x y z = 40, −50, 60], 
k = 33, F = 18.94, ZE = 4.02, p uncorr. < .0005, Figure 3c). The main effect of condition was seen in the 
right supramarginal gyrus, including parts of the right SPL (MNI-coordinate [x y z = 44, −40, 44]), and 
in the left (MNI-coordinate [x y z = −32, 22, 4]) and right (MNI-coordinate [x y z = 34, 18, 4]) anterior 
insula (k > 50, Fs > 13.0, ZEs > 3.0, ps uncorr. < .001). The factorial analysis showed a condition by 
group interaction in the left superior temporal gyrus (MNI-coordinate [x y z = −66, −22, −2] k = 39, 
F = 21.89. ZE = 4.32, p uncorr. < .0005).
Post-hoc analyses in survivors were performed to compare the high- vs low-demand working 
memory condition. These analyses revealed significantly higher activation during the high- than the 
low-demand working memory condition in the left SPL with parts of the left supramarginal gyrus 
(MNI-coordinate [x y z = −30, −50, 52]; FWE corrected on cluster-level: p < .001) and in the left 
precentral gyrus (MNI-coordinate [x y z = −44, −8, 38]; FWE corrected on cluster-level: p < .05). 
Survivors also showed neural hyperactivation during the high- compared to the low-demand condi-
tion in the right angular gyrus, including the right SPL (MNI-coordinate [x y z = 42, −48, 52]; FWE 
corrected on cluster-level: p < .05) (k > 150, Ts > 5.16, ZEs > 4.31; see Figure 4a). For survivors, the 
reverse contrast (low- > high-demand condition) and for controls the comparison between the two 
conditions (high vs low demand) did not yield any significant suprathreshold clusters. Note that 
although slight variations in network activation occurred, activation patterns did not substantially 
differ when comparing the relatively large group of survivors who received chemotherapy only 
(n = 17) with the healthy control group and when comparing the relatively large group of survivors 
of lymphoid leukemia (n = 15) with the healthy control group. The observed slight variations in 
network activation across groups occurred in clusters where FWE-correction did not yield any 
suprathreshold activation. Associations between neural activation strength and cognitive outcome 
or age at diagnosis were not different for survivors receiving chemotherapy only and for survivors of 
lymphoid leukemia. Background variables and cognitive performance did not differ among subgroups 
(chemotherapy, lymphoid leukemia and healthy controls). Including a separate group of survivors 
after radiotherapy or surgery in this comparison was omitted due to small sample sizes.
Associations between working memory-related neural activation and working memory 
performance
In brain regions where activation differences survived FWE correction (i.e., post-hoc analyses in the 
survivor group), the strength of neural activation, i.e., the beta values were extracted and their 
association with working memory performance or age at diagnosis was examined. The post-hoc 
analyses comparing high- and low-demand working memory conditions in the survivors’ group 
yielded three significant brain clusters (located in the left precentral gyrus, and the right and left 
SPL) surviving FWE correction (see Figure 4a). For survivors, a significant negative correlation was 
found between the right-hemispheric SPL activation and verbal working memory (r(27) = −.416, 
p = .025) (Figure 4b). In controls, there was no association between working memory performance and 
working memory-related neural activation (Figure 4c). Age at diagnosis was unrelated to neural 
activation. Age at assessment did not correlate with activation strength, either in survivors, or in 
controls. Note that auxiliary analyses on the effect of time elapsed since cancer treatment (≤ 3 years 
after treatment: n = 14; ≥ 4 years after treatment: n = 16) did not reveal group differences in working 
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memory outcome nor group differences in network activation and its relation to cognitive outcome in 
respect to time since cancer treatment.
Discussion
This study investigated neurophysiological correlates during a working memory task with high vs low 
demands in children and adolescents who had survived non-CNS cancer. Survivors’ task accuracy 
differed from that of controls only significantly in the high-demand working memory condition with 
survivors performing more poorly. Small-to-medium effect sizes indicated group differences outside 
the scanner in verbal and visuospatial working memory. During a working memory task, survivors 
and controls recruited a fronto-parietal network, which largely confirmed earlier findings (Klingberg, 
2006; Klingberg et al., 2002; Thomason et al., 2009). Between-group analyses revealed evidence for 
slightly atypical activation in the right SPL for survivors compared to controls. High vs low working 
memory-demand conditions revealed, however, hyperactivation in the right supramarginal gyrus, 
including parts of the right SPL, and bilaterally in the insula in survivors. In addition, right- 
hemispheric SPL activation was negatively associated with verbal working memory performance 
outside the scanner in survivors. Overall, our neurophysiological and cognitive results are consistent 
with previous findings (Arthursson et al., 2017; King et al., 2015; Robinson et al., 2010) and indicate 
that, even in survivors without CNS involvement, greater task complexity may lead to poorer working 
memory performance and to more pronounced activation differences. In more detail, survivors kept 
up their level of task accuracy when task complexity increased while showing hyperactivation in the 
right SPL.
Figure 4. Working memory network, cognitive demand and the relationship between activation strength and working memory 
performance. One-sample t-test contrasting the high- and low-demand condition (a) within the survivor group (p < .001, uncor-
rected, k > 150). Circles indicate where the activation strength significantly correlating with performance scores derives from. L = left, 
R = right. None of the other contrasts (survivors: low > high-demand, controls: low > high-demand condition and high > low- 
demand condition) yielded any significant suprathreshold clusters. Activation strength in the right SPL is significantly associated with 
verbal working memory in survivors (b) but not in controls (c). None of the other extracted cluster activations revealed a significant 
relationship with working memory performance. Scores were z-standardized.
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Group activation maps (Figure 3b) indicated less pronounced cluster activation in the working 
memory network of the cancer survivor group. Mürner-Lavanchy et al. (2014) pointed out that less 
pronounced cluster activation might be the result of high within-group variance, albeit mean beta 
values might be high.
Group analysis revealed evidence for atypical activation in the right SPL in cancer survivors; 
however, the evidence for network alterations was relatively weak given that correction for multiple 
comparisons was not applicable. Nevertheless, this finding extends the existing evidence of altered 
working memory network activation after non-CNS cancer using a larger sample (Robinson et al. 
(2010): n = 8; Stefancin et al. (2020): n = 15). The altered SPL activation and poorer working memory 
performance observed in our study are in line with the results of Stefancin et al. (2020), however, 
a direct comparison with our results is not feasible because we used a block task design and Stefancin 
et al. (2020) used an event-related design. In different pediatric samples (childhood leukemia survi-
vors; Robinson et al., 2010; Stefancin et al., 2020, childhood brain tumor survivors; King et al., 2015, 
preterm born children; Arthursson et al., 2017) hyperactivation was reported in prefrontal and parietal 
regions when solving a visuospatial or verbal working memory task. By contrast, our results did not 
indicate hyperactivation in frontal brain areas, possibly because the fMRI task used in this study was 
not complex enough (see King et al. (2015)).
Our fMRI tak used one of the traditional measures of working memory (simpel span task) that 
requires the participant to actively maintain information in working memory (“storage”). However, 
the present task does not include manipulation of information, such as needed in the often-used 
complex span tasks or in n-back working memory tasks (“storage and processing”; Redick and Lindsey 
(2013); Scharinger, Soutschek, Schubert, and Gerjets (2017)) and by this reflects a basic working 
memory task with additional components. The interaction between attention and working memory is 
an elementary determinant of broad cognitive ability (Engle & Kane, 2004). Hence, the present task 
likely has a substantial overlap with neural activations of the attentioal network (Osaka, Komori, 
Morishita, & Osaka, 2007).
Atypical neural activation is thought to reflect poorer storage capacities for visuospatial information 
(Edin et al., 2009) and efforts to compensate for a lack of local processing to achieve equal performance 
levels to those of controls (Arthursson et al., 2017; Edelmann et al., 2013; Krull et al., 2013; Robinson 
et al., 2010). Atypical neural activation may also indicate the need of auxiliary cognitive control and 
attentional resources to solve a task (Medaglia et al., 2012). The higher engagement needed for neural 
mechanisms might drain, however, metabolic resources (Edelmann et al., 2013; Krull et al., 2013). These 
slight cerebral alterations in non-CNS cancer survivors are likely a consequence of the cytotoxicity of 
cancer and its treatment (e.g., chemotherapy, cranial irradiation) (Kesler et al., 2016).
Survivors showed hyperactivation within the right SPL in the high- compared to the low-demand 
fMRI condition, while keeping up their level of performance. However, survivors performed more 
poorly than controls in the high-demand fMRI condition. This suggests that solving the high-demand 
visuospatial working memory task may selectively ask for more cognitive control and attentional 
resources in survivors of non-CNS cancer (compare with Medaglia et al. (2012)). Hence, increased 
efforts (represented by atypical neural activation) appear insufficient because survivors were not able 
to attain the controls’ level of accuracy during high-demand conditions (Arthursson et al., 2017; 
Robinson et al., 2010).
In addition, and for survivors only, right-hemispheric SPL hyperactivation was negatively related to 
verbal working memory performance outside the scanner. Thus, our data indicate that survivors with 
lower verbal working memory capacities also show right-hemispheric SPL hyperactivation. In con-
trast, lower SPL activation has previously been linked to poorer performance and younger age, 
suggesting that lower activation in the right SPL might reflect a less mature network (Lidzba, Ebner, 
Hauser, & Wilke, 2013).
Lastly, our findings do not provide evidence of a potential influence of age at diagnosis on task- 
related network activation and cognitive performance (Billiet et al., 2018). Thus, contrary to previous 
claims (Dennis et al., 2014; Richards & Deary, 2005; Stern, 2009), age at diagnosis did not explain the 
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variations in functional outcome that have often been reported in survivors of non-CNS childhood 
cancer (Conklin et al., 2012; Kesler, Tanaka, & Koovakkattu, 2010; Krull et al., 2013). Future research, 
preferably with a longitudinal study design, should further investigate proxies for neural recovery and 
the influence of age at diagnosis, as a complex interplay between these factors might uphold cognitive 
performance until a certain threshold is reached (Stern, 2009).
Limitations
We studied a heterogeneous group of non-CNS cancer survivors in terms of cancer diagnosis, 
treatment protocols (i.e., treatment modality and intensity), and years elapsed since cancer treatment – 
factors known to affect brain parameters and cognition differentially (Fellah et al., 2019; Hutchinson, 
Pfeiffer, & Wilson, 2017; Kim et al., 2015; Krull et al., 2013). To assess the influence of all these clinical 
factors on neural activation patterns and cognitive performance was not feasible due to small subgroup 
sizes (see supplementary information Table S1). In addition, the effect of intrathecal therapy needs to 
be taken into consideration when interpreting study findings on non-CNS cancers.
The study’s research design entailed the risk of overrepresentation of survivors with good func-
tional outcomes, families with good resources, and survivors living in urban areas close to the 
university hospital. Furthermore, the exclusion rate of the fMRI data was rather high (see Figure 1). 
The generalizability of the findings thus remains limited.
Even though the findings were reported based on imaging guidelines on complex cognitive 
functions (Lieberman & Cunningham, 2009), results did not survive FWE correction in all analyses. 
Consequently, there is a risk of false-positive activations and the results should be interpreted with 
caution (Poldrack et al., 2008).
Survivors and controls with a broad age range were includedreflecting a further limitation because of 
developmental differences across ages (Jones & Pattwell, 2019). However, age at assessment was not 
associated with activation strength (i.e., beta values). Moreover, the fMRI task protocol entailed only 12 
trials (six low- and six high-demand conditions). This contributes to reduced test power for the fMRI 
analyses.
Past research suggests that the SES plays a critical role regarding the severity of cognitive impairment 
in children after cancer (Kesler et al., 2010) and that the SES relates to structural and functional brain 
characteristics (Hackman & Farah, 2009; Kesler et al., 2010; Yaple & Yu, 2020) and cognition in typically 
developing children (Hackman, Gallop, Evans, & Farah, 2015). Future studies may investigate whether 
neural alterations and working memory performance is associated with SES in childhood cancer.
Conclusion
When cognitive complexity increased, survivors performed more poorly than controls and showed 
evidence for slightly atypical working memory-related activations. Working memory-related neural 
activation may be altered even in survivors of cancer without CNS involvement, with survivors 
showing signs of neural hyperactivity located in the right-hemispheric SPL. Additionally, survivor’s 
right-hemispheric SPL hyperactivation was negatively related to working memory performance – an 
association that was not observed in healthy controls. Overall, these findings highlight the relevance of 
SPL processing for working memory performance in survivors of non-CNS childhood cancer. Our 
study provides further confirmation that assessment of neurophysiological correlates with neuroima-
ging methods, such as fMRI-based tasks, may have the means to shed light on the neural under-
pinnings of cognitive late effects in survivors.
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